One of the main pollution types is air pollution, which has a significant impact on the surrounding environment and on living beings. Major source of air pollution is combustion processes. There are many flue gas treatment technologies around the world. In this paper a new, innovative flue gas treatment technologyfog unitis introduced. The goal of the fog unit is to treat flue gases that are emitted from households. In the European Union, including Latvia, at the beginning of 2020, a directive will come into effect that will set limits for emissions and the effectiveness for incinerators in households. The main focus of this study was to determine the most optimal operating mode for the fog unit by changing different operating parameters: sprayed water temperature, sprayed water flowrate and types of nozzles (drop diameters). Results show that the most optimal operating mode in terms of flue gas treatment efficiency and recovered energy is at water temperature: 20 °C, sprayed water flowrate: 250 l/h and nozzle: MPL1.12 M. However, electrical consumption of water circulation pump leaves negative effect on this operating mode.
Introduction
The environment is contaminated every day by different pollutants, and one of the main types is air pollution. Long-term exposure to contaminated air can lead to serious health problems, for example, it can affect the respiratory, nervous and cardiovascular systems [1] . Besides possible health problems, air pollution can also significantly affect the environment. During the combustion processes so-called greenhouse gases (carbon dioxide, nitrogen oxides, carbon monoxide and others) are emitted [2] . From combustion processes, particulate matter (PM) is also emitted.
Particulate matter is a term used to describe a mixture of dust like particles and small liquid drops. They can be divided in natural and human made particulate matter. PM can also be divided by size into: coarse (2.5-10 µm), fine (<2.5 µm) and dust-like (<0.1 µm) particles. Studies have proved, that particulate matter, especially, from combustion processes are a cause for different inflammation, as well as cardiovascular and respiratory diseases.
These contents create different challenges for use (corrosion, fouling, etc.). The choice of certain combustion equipment is dependent on fuel to be used. Differences in fuel composition have to be taken into account during design of equipment and during operation [11] , [12] .
Biomass use in boilers leads to ash-related problems, reducing heat transfer in the systems, therefore reducing efficiency and capacity of the boiler. Ash deposition is a comp lex process, that cannot be fully described by traditionally used methods (fusibility, viscosity, slagging and fouling indices) [13] .
Nitrogen oxides are harmful pollutants from solid fuel combustion that promotes photochemical smog, tropospheric ozone, greenhouse effect and acid rains formation. In the study of Besenic et al. a numerical model for predicting nitrogen oxide emissions from solid fuel (pulverized biomass and coal) combustion was made. The model has high accuracy and it can be used for detailed studies of combustion systems and pollution trend predictions [14] .
Although wood and its products have a significant role as fuel globally to control climate change, it has disadvantages related to particulate matter emissions. A study conducted in Bavaria state in Germany has proved that its greenhouse gas emissions would increase by approximately 13 % without the use of wood fuels, however PM emissions would decrease by 77 %. Also combustion of wood creates emissions of particulate black carbon (IPCC) which is the second most important agent of global warming. Therefore, improvements of wood combustion systems and flue gas treatment technologies is an important topic [15] . European emission inventory data for 2017 shows that residential combustion equipment is responsible for 52 % of PM2.5 emissions, 53 % of polycyclic aromatic hydrocarbon and 72 % of benzopyrene emissions [16] .
It is also important to consider bioclimatic architectural design principles to improve energy efficiency and thermal comfort of buildings, especially households, that could lead to enhancements in indoor air quality [17] . Another topic to consider is alternative combustion technologies, like small scale biomass gasification. Biomass gasification is a comparatively simple technology without high investment costs that uses widely available fuel. However, small-scale gasifiers are meant for decentralized use at small-scale companies, not households. [18] .
Development of new flue gas treatment technologies and increasing use of them is additionally promoted by the Eco-design directive. It determines that emissions from combustors in households cannot exceed limits set by the European Union. Also energy efficiency limits will be set for all of the incinerators used in households. The eco-design directive will set few rules for households:
− For boilers with automatic fuel supply, the emissions of particles during the heating season shall not exceed 40 mg/m 3 and for boilers with manual fuel supply 60 mg/m 3 ; − Seasonal space heating efficiency for boilers with a rated heat output of 20 kW or less shall not be less than 75 %; − Seasonal space heating energy efficiency for boilers with a rated heat output exceeding 20 kW shall not be less than 77 % [19] . Flue gas treatment (removal of particulate matter) from industrial combustion objects and boiler houses is a mandatory requirement regulated by national law. Therefore, many different technologies exist for PM emissions reductioncyclone, spray tower, condenser, Venturi scrubber, electrostatic precipitator, fabric filters and others. All of these methods have advantages and disadvantages and can be used for flue gas treatment from a specific heat production source.
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Condensers in use in industrial applications are indirect and direct contact economizers. The cooling matter in these devices is air or water. Indirect contact condensers are mostly used in real life applications, due to latent heat recovery. Direct contact condensers are with chambers for vapour conditioning and flue gas cooling [21] .
A novel technology for flue gas treatment is nonporous organic membranes. In the study of Gao et al., hollow fibre composite PES-SPEEK (polyether sulfone-sulfonated polyether ether ketone) membranes are used to provide moisture removal and latent heat recovery from combustion flue gas. The performance of membranes is measured using moisture recovery efficiency, heat flux of recovered heat and permeability of the material [22] .
Boilers that use condensers have a high corrosion risk, therefore corrosion-resistant materials like stainless steel, Teflon coatings or glass have to be used for the flue gas treatment equipment. Flue gas can create up to 20 % of heat losses from boilers, but the use of condensers can help recover 50 % from them, depending on operating conditions [23] . Significant processes to be provided by condenser are venting of non-condensable gases and condensate draining. Accumulation of these substances in the equipment can lead to faults in performance of equipment [24] .
An innovative technology for particulate matter emissions treatment is presented in this study. It is called a fog unita flue gas condenser, that is meant for use after small capacity boilers in households and provides treatment of flue gas using the "fog effect" (small water drops (d < 1 mm)). An additional advantage of this technology is recovery of heat, which, in turn, increases overall efficiency of the boiler.
An increase in boiler efficiency leads to decrease in fuel consumption and emissions, possibly creating energy savings from heat. Additional measures to control heat losses have to be made. Together with the use of flue gas treatment technologies, boiler s ystem can be significantly improved, increasing comfort of users [25] .
There are a large number of factors affecting the efficiency of condenser technology for flue gas treatment. Literature review offers different relationships regarding parameters that affect flue gas treatment, for instance:
− By increasing sprayed water amount, treatment efficiency and heat energy performance can be increased [26] ; − By reducing sprayed water temperature, deeper flue gas cooling can be achieved and more sensible heat can be recovered [27] .
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Results of the study done by Terhan et al. [29] show that primary energy savings of around 11 % can be achieved by installing flue gas condenser. This value is reasonable, since many other researches also present typical energy source efficiency growth by 10-15 % using condenser technology [30] . There is a critical temperature for flue gas cooling, after reaching which, it is not economically reasonable to further reduce the flue gas temperature and this effect promotes several technical problems. Research done by Wei et al. show that this critical point typically varies in a range from 28 to 32 °C [27] .
In this case, it was decided, that performance of developed innovative technology will be examined depending on three variable parameters. This study presents results of experimental research where optimal parameters for operation of the fog unit were found. The energy efficiency of provided technology was selected as the main criteria in this case. However, in another study about the same technology, it will be possible to find results, where the main focus was put on particulate matter decrease possibilities using the fog unit [31] .
Methodology
The experimental stand of the proposed flue gas treatment technology has been made in Combustion research laboratory in the Institute of Energy Systems and Environment. The experimental system consists of a pellet boiler, flue gas stack, fog unit and water hydraulic system.
Pellet boiler Grandeg-GD25 was selected for heat and flue gas production. This kind of boiler is widely used in households in Latvia. The boiler was operated at constant operation mode during all tests to determinate fog unit's operation effect on technology performance without affecting boiler performance. The same type of pellets was used in all tests, since used fuel has strong effect on the boiler energy efficiency and produced emission amounts. − Particulate matter concentration in flue gas 36.2 mg/Nm 3 . The fog unit consists of flue gas inlet and outlet, water supply system, nozzles for water spraying, pulp capture tank and separator. Flue gas is injected in the fog unit at the bottom part moving up, where flue gas outlet is located. Water is sprayed in the fog unit from the top using special nozzles. Sprayed water drop size is small and fog effect is made inside the condenser as a result.
Mass and heat transfer between flue gas and sprayed water promotes that particulate matter is caught by water drops and removed from flue gas. Water exits the fog unit from the bottom and moves to pulp capture tank. Sedimentation process is used to separate particulate matter from water. Particulate matter is accumulated at the bottom of pulp capture tank, but the water is recirculated back to the fog unit. At the same time, flue gas cooling occurs and injected water temperature increases as a result. A heat exchanger was installed at sprayed water Environmental and Climate Technologies ____________________________________________________________________________ 2019 / 23 338 circulation loop to provide constant injected water temperature. The heat removed from flue gas can be used for household heating and hot water preparation.
Monitoring system was developed to investigate the influence of different factors on fog unit's performance and to find optimal operation parameters. Monitoring system consists of:
− Heat meters for measuring capacities of the boiler and the fog unit; − Weight platform to determine fuel consumption of the boiler; − Hygrometers for measuring flue gas temperature, relative and absolute humidity before and after the fog unit; − Anemometer to measure flue gas velocity; − Differential pressure sensor to determine differential pressure before and after the fog unit; − Flue gas analyser for flue gas chemical composition analysis before and after condenser; − Particulate matter measurement unit for particulate matter concentration analysis before and after condenser; − Heat meters for measuring fog unit's capacity and sprayed water flowrate; − Manometer for measuring sprayed water pressure; − Temperature sensors for sprayed water temperature determination before and after the fog unit. The system and its operation are described in detail in the work of Priedniece et al. [32] . The analysis of first results obtained in experiments and their comparison with primary mathematical model are described in the follow up article of Priedniece et al. [33] .
It this study, the performance of the fog unit was explored using various types of nozzles, sprayed water flowrates and sprayed water temperatures. Three water flowrate s were used -50 l/h, 150 l/h and 250 l/h and three inlet water temperatures -20 °C, 30 °C and 40 °C. Also, three full cone nozzles were used -MPL0.77 M, MPL1.12 M and MPL1.51 M. The water drops sizes vary depending on sprayed water flowrate. It was determined that drop size influences particulate matter treatment efficiency and flue gas temperature decrease. The operation parameters of the fog unit used in this research are presented in Table 1 . 
Results
Results from conducted experimental research show that used nozzles, sprayed water flowrate and temperature have a strong effect on the fog unit's performance. Flue gas temperature after provided treatment technology depending on nozzles, sprayed water flowrate and temperature is presented in Fig. 1 . Fog unit was tested with three nozzle types, three water flows and three inlet water temperatures. Flue gas temperature after the boiler or before the fog unit at all tests was constant -121 °C. The lowest flue gas temperature after the fog unit was achieved using nozzle MPL1.12 M, water flow 250 l/h and inlet water temperature 20 °C. It is observed, that at similar water flowrate and temperature the flue gas temperature strongly varies depending on the nozzle used. The reason is difference in sprayed water drop size, which varies from 199 to 314 μm for MPL0.77 M, from 204 to 459 μm for MPL1.12 M and from 274 to 788 μm for MPL1.51 M. The biggest effect of the nozzle was determined at low flowrate -50 l/h, where, depending on the type of nozzle, flue gas temperature varies at a range from 6.1 to 8.9 °C at similar temperature. The main reason is the higher difference between sprayed water drop sizes. At high flowrate (250 l/h) the difference between sprayed water drop sizes is lower (204 μm for MPL1.12 M and 274 μm for MPL1.51 M), therefore difference of flue gas temperature after the fog unit is low. The lowest temperature decrease of flue gas was achieved using nozzle MPL1.51 M. It shows that using small drop sizes leads to deeper flue gas cooling.
Three water flowrates were used during the tests -50 l/h, 150 l/h and 250 l/h. However, it was not possible to achieve a flowrate of 250 l/h for nozzle MPL0.77 M, since the nozzle diameter is too small and water pressure of around 5.5 bar must be provided at the circulation system. Therefore, flowrates of 50 l/h, 150 l/h and 200 l/h were used for nozzle MPL0.77 M. Results show that, by increasing water flow from 50 l/h to 250 l/h, it is possible to decrease flue gas temperature two times from 74.1 °C to 28.9 °C (using nozzle MPL1.51 M). Also it was found, that, with increasing sprayed water temperature, the effect of flowrate goes down.
Also sprayed water temperature has strong impact on possibility to decrease flue gas temperature. The effect of water temperature goes up with increase in sprayed water amount. Flue gas temperature decrease of 15.0 °C (from 44.0 °C to 28.9 °C) can be achieved using nozzle MPL1.51 M, if inlet water temperature will go down from 40 °C to 20 °C. At the same time, decrease of only 3.5 °C (from 77.6 °C to 74.1 °C) in flue gas temperature can be achieved by reducing inlet water temperature from 40 °C to 20 °C using the same nozzle.
Flue gas moisture content increases if water is sprayed inside. Fig. 2 shows all three parameters: nozzle type, sprayed water flowrate and temperature effects on the absolute 20 moisture content of flue gas. Absolute moisture content of flue gas after the boiler and before the fog unit is 26.1 g/kg in all tests. The maximal absolute moisture content of flue gas after the fog unit was 59.1 g/kg using nozzle MPL1.21 M, injected water flowrate 150 l/h and temperature 40 °C. Mostly, in all tests, the absolute moisture content of flue gas after the fog unit goes up, however in several tests the reduction of moisture content was achieved. The minimal absolute moisture content 21.1 g/kg was achieved using nozzle MPL1.12 M, injected water flowrate 250 l/h and temperature 20 °C. It means that water vapour condensation in the flue gas can be achieved in the fog unit. Effects of nozzle on the absolute moisture content of flue gas is not as strong as it was found for flue gas temperature. The difference of absolute moisture content of flue gas between used nozzles varies by just 1-3 g/kg at high water flowrate. However absolute moisture content of flue gas between used nozzles can vary by 10 g/kg at low water flowrate 50 l/h. The effect of sprayed water flowrate shows a different effect on absolute moisture content of flue gas. The absolute moisture content of flue gas is reduced with increase of water flowrate if sprayed water temperature is between 20 °C and 30 °C. To the contrary, the absolute moisture content of flue gas can increase if water with temperature 40 °C is sprayed.
It was found that the sprayed water temperature had a strong effect on absolute moisture content of flue gas. Absolute moisture content can go up by 36.5 g/kg, from 21.1 g/kg to 57.6 g/kg, using the same nozzle and sprayed water flowrate, only by increase of water temperature from 20 °C to 40 °C. The effect of inlet water temperature goes down if a lower amount of water is sprayed into the fog unit.
Deeper flue gas cooling is possible if a higher amount of heat can be taken from flue gas by sprayed water. The capacity of the provided technology presents the amount of heat taken from flue gas by water. The effect of used nozzles, sprayed water flowrate and temperature 20 on fog unit's capacity is displayed in Fig. 3 . Practically similar capacity of the fog unit of 2.6 kW was achieved using nozzles MPL1.12 M and MPL1.51 M at sprayed water flowrate of 250 l/h and temperature 20 °C. The lowest flue gas temperature after the fog unit 28 -28.9 °C was achieved exactly at this fog unit operation condition. It is important to note that absolute moisture content of flue gas was lowest 21.1-22.1 g/kg. However, the effect of used nozzle becomes significant at lower sprayed water capacities -50 l/h and 150 l/h. Condenser's capacity can be increased from 0.75 kW to 1.13 kW (sprayed water flowrate 50 l/h and temperature 20 °C) if nozzle MPL1.51 M is changed to MPL1.12 M. It means that with smaller sprayed water drops, it is possible to increase the fog unit's capacity. Growth of sprayed water flowrate promotes decrease of flue gas temperature and increase of the fog unit's capacity. It is possible to increase the promoted technology's capacity from 1.13 kW to 2.49 kW for nozzle MPL0.77 M by increasing sprayed water amount from 50 l/h to 200 l/h (using inlet water temperature 20 °C). Similarly, for nozzles MPL1.12 M and MPL1.51 M, it is possible to increase fog unit's capacity from 0.85 kW to 2.63 kW for nozzle MPL1.12 M and from 0.75 kW to 2.58 kW for nozzle MPL1.51 M by increasing sprayed water amount from 50 l/h to 250 l/h and using inlet water temperature 20 °C.
The increase of sprayed water temperature promotes flue gas temperature increase, therefore reducing fog unit's capacity. At low sprayed water flowrate 50 l/h, the growth of inlet water temperature from 20 °C to 40 °C, adds to condenser's capacity reduction by 0.3-0.6 kW. At the same time, the growth of inlet water temperature from 20 °C to 40 °C promotes the condenser's capacity reduction by 1.3 kW, if sprayed water flowrate is 250 l/h.
The energy efficiency of promoted technology is called relationship between heat amount taken from flue gas by sprayed water and heat amount injected in the boiler at the same time period. Fog unit's efficiency can be represented using Eq. (1): Recovered heat from flue gas by the fog unit, kWh; Qfuel
The amount of fuel energy entered in the boiler, kWh.
Fog unit's efficiency depending on used nozzle and sprayed water flowrate is presented in Table 2 . The variation between efficiency values at similar nozzles and sprayed water flowrate represent effect of inlet water temperature. A higher amount of heat can be removed from flue gas with sprayed water temperature 20 °C, as presented before. Therefore, the biggest achieved energy efficiency of the fog unit was also achieved at sprayed water temperature 20 °C. Results show that maximal technology's energy efficiency is 11.4 %. This efficiency can be achieved with nozzle MPL1.12 M and water flowrate 250 l/h. The decrease of injected water flowrate promotes decrease of fog unit's energy efficiency. The nozzle MPL0.77 M is more effective at flowrates 50-150 l/h, but nozzle MPL1.12 M at highest flowrate 250 l/h. Even though this study focuses on the possibility to recover heat from flue gas by provided technology, the main task of the fog unit is reduction of particulate matter concentration in flue gas. It was measured that particulate matter concentration after the boiler or before the fog unit is 36.2 mg/Nm 3 . The achieved particulate matter reduction depending on type of nozzle and sprayed water flowrate is presented in Table 3 . Results show that it is possible to obtain particulate matter reduction from 70 % to 77.3 % with each nozzle type, if water flowrate is 150 l/h and higher. A more detailed study about particulate matter reduction with the fog unit technology can be found in another paper done by Priedniece et al. [31] . Water spraying in the fog unit was organized by using circulation water pump. Each tested nozzle has specific inlet diameter which affects pressure losses at the fog unit's hydraulic system. Therefore, electrical consumption of the pump is different for each nozzle. MPL0.77 M provides water spraying with smallest water drop sizes, in turn providing the need for higher electricity consumption of the pump. The electricity consumption of the pump goes up with increase of water flowrate, since water pressure in the hydraulic system grows. Electricity consumption of the pump needs to be higher than 2 kW to provide water spraying with nozzle MPL1.12 M and water flowrate 250 l/h. However, electricity consumption of the pump was only 781 kW when nozzle MPL1.51 M was used and water flowrate was 250 l/h. Fog unit's capacity is practically similar at water flowrate 250 l/h using nozzle MPL1. 12 M and MPL1.51 M. Therefore, it is important to take into account the pump's electricity consumption, to also find optimal parameters for the fog unit's operation. Data analysis was performed using STATGRAPHICS Centurion 16.1.17 software. Results show that there is a strong correlation between the fog unit's capacity and its operation parameterssprayed water flowrate, temperature and water drop sizes. The R 2 value of regression model is 0.91, the P-value is less than 0.05, describing significant relationship between variables at 95.0 % confidence level. The standard error of residuals is 0.21, but mean absolute error = 0. 17 The difference between measured and calculated capacities of the fog unit using achieved multiple regression equation is displayed in Fig. 5. The Figure shows , that the biggest difference between measured and calculated variables can be found at low capacities below 0.5 kW. It means that there can be some additional factors affecting the fog unit's capacity. 
Conclusions
The experimental research focusing on innovative technology of flue gas treatment was done. The operation principle of treatment technology is based on wa ter spraying into flue gas. The size of injected water drops is small and varies from 165 to 788 microns depending on the type of nozzle used. The fog effect inside the treatment technology, which is called a fog unit, is created as a result. The technology is designed for small capacity boilers installed at households.
This study is focused on the possibility to recover heat from flue gases created by a pellet boiler with the capacity of 20 kW using the provided technology. The effects of various sprayed water flowrates, inlet water temperature and types of nozzles on the fog unit's performance were investigated. It was determined that lower flue gas temperature 28.0 °C after the fog unit (121 °C before the fog unit) can be achieved using nozzle MPL1.12 M and sprayed water flowrate 250 l/h with inlet temperature 20 °C. Also maximal fog unit's capacity of 2.6 kW was achieved using the same operation conditions. The decrease of water flowrate from 250 l/h to 50 l/h promotes growth of flue gas temperature and decrease of fog unit's 345 capacity. Also, the increase of injected water temperature from 20 °C to 40 °C has negative effect on flue gas cooling. Water spraying promotes increase of absolute moisture content in the flue gas. Two times higher absolute moisture content can be achieved (26 g/kg before the fog unit and 50-56 g/kg) if sprayed water temperature is 40 °C. However, it is also possible to get reduction of moisture content using high sprayed water flowrates with inlet water temperature 20 °C, which means water vapour condensation occurs in the fog unit.
Water spraying in the fog unit was provided by using a circulation water pump. To define the most energy efficient operation regimes of the fog unit operation, the electrical consumption of the circulation water pump must be taken into account. The electrical consumption is lower if nozzle MPL1.51 M is used.
Finally, the data analysis of the experimental results was conducted and multivariable regression model was found, which presents the capacity of the fog unit as a function of sprayed water flowrate, temperature and water drop sizes.
